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Abstract: 
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INTRODUCTION 
Thin-disk laser configurations have recently been 

demonstrated at cw output povters exceeding 1 k\V [l]. 
Thbdisk lasers enable the geiieration of high average power 
by minimizing the distance over which waste heat is 
transported. A disk-laser of transverse dimensions significantly 
larger than its thickness will sustain laser output with 
intensity proportional to the thermal flux it dissipates. The 
fracture strength of the laser material limits the maximum 
temperature difference of a credible design. Further 
increases in the hezdissipation capacity of a disk varies 
inversely with the disk thickness (t) thus, the average laser 
output intensity of a thisdisk bser scales as Ut; that is, to 
maximize the output intensity we must use the thinnest 
possible disk &at is consistent with the pump geometry. The 
main challenge for the laser designer is then to coerce a thin 
gain wmp1e into absorbing pump power efficiently. For this 
purpose, use of a highly absorbing gain medim is desirable 
in combination with a pumping geometry that allows multi- 
passing of the pump light. An important feature of the thh- 
disk laser is that one-dimensional thermal gradients away 
from the edges are made to align with the extraction beam 
Thus, as long as pumping and cooling fieids are uniformly 
distributed, the contributions to wavefront error fkom dn/dT 
and the stress optic effect integrate along a 1-dimensional 
themial gradient and a constant optical path-length- 
difference across the extent of the beam. The thin-disk 
laser therefore, holds promise for high bc'm quality 
at high average power. 

Professor Adolf Giesen and co-workers at the University 
of Stuttgart haw been leading the development of high 
power thin-disk lasers. Due to the very short absorption 
distance. Stuttgart scientists have developed multi-pass 
pump geometries that accommodate the use of thin disks, 
h. 

Figure 2 shows the original multipass pump geometry employed 
by the Stuttgart group. Here, the pump beam is re-imaged 
through the sample more than 16 times to increase the net 
absorption path. Using this approach Giesen's group obtained 60 
watts cw in the fundamental mode froin a single yb:YAG disk. 
To achieve this high beam quality, the fundamental mode of the 
resonator was matched with the pump diameter in the thin- disk 
[ 11. More recent versions employ a clever parabolic reflector 
and porro prisms to simplify tlie pump geometry. With reduced 
beam quality, the Stuttgm scientists have produced a record 650 
W cw output power fiom a sii~gle crystal with over 50% optical 
efficiency [2,3] and over 1 kW with 4 disks in series. The very 
complicated pump geometry, and the obvious limitations to 
pou7er scaling that it imposes, are issues that our composite thin- 
disk exp1ic.itly recognizes and addresses. 

COMPOSITE THIN-DISK GEOMETRY 
With funding froin the Joint Technology Office (PO), we are 
exploring an alternative coilfiguration by edge-pumping a 
composite thin-disk laser (Figure 2). 
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Figure 2. Thin disk lasers having pofentia/ for good beam 
quality at high power can be based on bonding an 
"undoped cap" on the thin disk element 

Figure 2 depicts our enhancement of the composite thin-disk 
approach, (together with the Geissen's geometry) At the top of 
tllc gain-loaded YfxYAG bill-disk layerthere is an index 
matched undoped cap, atcached using diffusion bonding 
techz~ology. The purpose of the llndaped c m  is three-fold: 
1) With the increased aperture available on the edges, it enables 

edge pumping of the thin disk, guiding the pump light. ?he 
pump geometry is greatly facilitated by edge-pumping tlie g i n  
sample using non-imaging leiis duct teclmology, in contrast to 
the complicated re-imaging method of Giesen; 

~ ~ ~ r r ~ ~ m  mimr 2) Amplified Spontaneous Emission CASE) as well as parasitic 
inodes are suppressed by more than a factor of 100. The ASB 
impact: is minimized because the optically-passive undoped 
YAG cap volume adjacent to the %YAG thin gain-sheet 
drastically reduces the solid angle over which fluorcscence is 
trapped by total internal reflection; 

.- 

Thindisk win clcmcnt 

Figiire 1 .  Original fhiii disk geometry developed by the 
Stuttgarl group in which rhe pump radiution is re-imaged 
niultiple times onto the thin disk sample to increase 
absorption higtli. 
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3) The composite thin-disk laser geometry adds strength - 
in proportion to the cube of its thickness- to the otlienvise 
fragile thin-disk, resisting the effects of thermally induced 
deformatioils currtmtly the main source of wave front 
errors in these devices. Figure 3 shows the result of our 
thermo-mechanical calculation illustrating this point. 

m = m w  &$=rnW 
Fig. 3: A two-dimensional ihemo-mechanics model we 
developed was used to compare the deformations of a 
200 p thin-disk laser under identical heat load [at the 
current design of 360 W l c d )  for the two approaches. 
The composite thin disk with its diffusion bonded, 
opticaly passive “cap” bends 0.8 pm while the “bare- 
thin-diskbows 23 p. 

Findy, it is crucial to recall that the diffusion bonded 
uiidoped cap does not compromise the thermal advantage of 
the thin Y6:YAG portion. The cap simply rises to a 
uniform, constant temperature, a benign effect which does 
not affect the thermal gradients in the thin-disk. 

DESIGN CRITERIA IN THE PRESENT DEVICE 
The present design eniplmizes thernial management 

predicated on indium soldering tlie composite gain medium 
by its thin-film HR mirror to a high performance cooler of 
mini-channel design. A summary of ow approach 
accentuating the enabling technologies needed is shown in 
figure 5.  

The hardware incorporates diode array pump delivery on 
two prismatic edges of a composite disk via non-imaging 
lens ducts with overall de-magnification of 92:l. The lens 
ducts were designed using a no*sequential Monte-Carlo 
ray-trace code that accounted for the experimentally 
measured divergence characteristics of our diode arrays. 
The far field of our diode arrays was collected and the 
Cumulative Distribution Function (CDF) used to weight the 
random number generator (see fig. 5j. 

.. .... 

Radians jiur.jield radiuns 
Figure 4. ThejGr-field intensity of n 25-bar diode arruy 

wus imaged using a scientiJc CCD. Average line-ou2s in the 
hori-zonfal arid vertical mes characterize the diode arruy 
divergence. The cumulative distribirrion functions are also 
displayed 

The precision alignment of the pump delivery hardware 
-critical to the performance of the device- was easily 
accomplished by use of metal surfaces that registered each 
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other and a common assembly plate. Thus, all parts were pre- 
aligned by nmliined stops before assembly and no adjustments 
were required. The integrity of our “high value” thin-disk laser 
gain component is protected by this design. Once soldered to the 
cooler, it is mated with the lens-duct ends, which utilize a cooler 
surface for reference. The ensemble is then mated in the 
assembly pkate to the larger pump delivery hardware. 

The bottom layer of the composite thin disk is indium 
soldered to a high perforinance cooler so. heat is extracted 
through the thin-film coatings during lasing. In contrast to the 
method of multiple re-imaging onto the gain medium pursued by 
the Stuttgart group, the layer of undoped YAG allows the 
transverse pump to multi-pass the gain medium tlmugh TIR 
analogo:ous to the pumping method in a doubly clad fiber laser. 
The undoped cap is in intimate coiitact with the thin gain layer 
however (nearly) void of thermal sources and insulated 
elsewhere thus, the steady state ternpermre must qual the 
temperature at the difbsion-bonded interface. The thin gain 
medium develops a thermal gradient identical to that of a cap- 
less thindisk and so, the composite laser gain element maintains 
the thermal advantages of the thin-disk while enabling copious 
diode power to be injected through the edges. trapping it within 
and hence multi-passing the gain medium. Secondly, the 
addition of the relatively thick, optically passive cap geatiy 
reinforces the thin-disk lessening the effects of thermally induced 
mechanical distortions. By minimizing disk deformations, the 
isothermal cap helps the thin-disk heat source maintain contact 
with the cooler. Furthermore, the diffusion-bonded, index- 
matched cap layer allows fluorescence decay to propagate freely 
out ofthe gain medium, while the edges of the composite are cut 
at a steep angle to effectively reflect the gnplified @ontaneous - emission (ASE) clear away from the gain element 

. .  

Figure 5. Diagram of the apparatus we are testing. The 
cornpasi fe thin-disk design used for this work resembles u 
narrow light-guide. The thin Yb:YAG gain medium is digusion 
bonded to a thicker, itidex-matched YAG cap enabling edge 
pumping. The cap also provides mechanical siisfncss and 
ameliorates ampf~jied.~ponra~eo~~s emission effects by diluting 
flimrescence. For low wuvefront distortions, the laser beam is 
nornd to the cooling surface, parallel to thermalgradients in 
Ihe thin gain medium 
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RECENT PROGRESS 

year. Rardware was designed, built and successfully 
activated. We made significant advances in all key 
technology areas. We have obtained and tested several 
composite thin-disk gain elmients such as the one shown on 
fig. 6, comprising a diffusionbonded index-matched, 
undopi Layer of YAG 1.3 -mm thick to the top of a 200-pn 
thick Yb:YAG disk doped at 15% Yb (fig. 6). 

Considerable progress has been made during the past 

Figure 6. Picture of fully coated, I5NYb:YAG / YAG 
composiie thin-disk. The composite thin-disk design wedfor 
this work resembles a narrow light-guide. The thin Yb:L4G 
gain niedium is di@iusioa bonded tc3 rhcker Nd: X4 G nwteriul 
to enable edge piamping. add strength arid ASE dilution. 

The bottom surfitce of the laser crystal is coated with 
dielectric thin films as well as metal for reflecting pump 
light and serve as the cavity mirror. A SUitdbk HR coating on 
on the Yb:YAG/YAG composite gain element has been 
developed after m y  iterations to meet the demands placed 
on the thin film by the unusual optical architecture: 1) 
reflect the 103Onm laser wavelength with hi& 
efficiency(>Y9.8% @ 1030nm), 2) reflect diode pump light 
at 940m over a broad phase space, 3) conduct a heat flux of 

onto the Yb:YAG crystal as the laser wavelength high reflective 
coating, 2) Plasma etch in Oxygen, 3) 5 wave of AI,O, as an 
adhesive layer, 4) Plasma etch in oxygen, 5 )  30Gm of Cu 
sputtering as a broadband reflector, 6) lO0Onm of Ni as a metal 
filni barrier to prevent indium migration during soldering, 7) 
300nm of Au as a solder agent for Indium, and 8) -10 pin of 
evaporated Indium solder to attach to high performance cooler. 
We chose a mini-channel cooler &sign made out of Cu-W (1 5% 
Cu, 85% W) to match the thermal expansion properties of the 
YAG. The cooler was constructed by wire EDM cutring 125 pm 
channels with 250 pm separation and 3 inm in length. 
Electroplated gold coatings were used to reflect the pump light. 

?ha t?ardware was successf..~!lv activated in “first light” 
experiments in December of 200 1. A picture of this hardware in 
the experimental set up is shown in the LHS of Fig. 6. During 
initial operation at low duty factor (1 ms pulses at 1 to 10 Hz) a 
stable, multi-mode resonator was used to collect slope efficiency 
data (laser output vs. input energy) for several c0nca.c.t: (R = 2 m) 
output couplers. The output power optimized with the 91% 
reflector (see the graph in Fig. 8b).. These data were compared 
with our energetics codes predictions. Agrement betmen the 
model and the data was found for a the average temperature of 
380 K. 
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